WORLD INT1ELLECTUAL PROPERTY ORGANIZATION 
Internationa] Bureau 




PCX 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) InternaUonal Patent Classiflcatlon 6 
H03F 1/32 



Al 



(11) InternaUonal Publication Number: WO 99/45640 

(43) International Publication Date: 10 September 1999 (10.09.99) 



(21) InternaUonal AppHcatton Number: PCT/GB99/00698 

(22) InternaUonal FlUng Date: 8 March 1999 (08.03.99) 



(30) Priority Data: 
9804835.8 



6 March 1998 (06.03.98) 



GB 



(71) Applicant (for all designated States except US): WIRELESS 

SYSTEMS INTERNATIONAL LIMITED [GB/GB]; Inno- 
vation House, Bristol Business Park, Coldharbour Lanc» 
Bristol BS16 lEJ(GB). 

(72) Inventor; and 

(75) Inventor/AppUcant (for US only): KENNINGTON, Peter 
[GB/GB]; TrapFami, Devaudcn Green, Chepstow NP6 6PE 
(GB). 

(74) Agents: HOGG, Jeffrey. Keith et al.; Withers & Rogers. 
Goldings House, 2 Hays Lane, London SEl 2HW (GB). 



(81) Designated States: AL, AM. AT. AU. AZ. BA, BB. BG, BR. 
BY. CA, CH. CN, CU, CZ, DE. DK. EE. ES. FI, GB, GD. 
GE. GH, GM. HR. HU. ID. IL. IN, IS, JP, KE, KG. KP. 
KR. KZ. LC. LK. LR, LS. LT, LU, LV. MD. MG, MK. 
MN. MW, MX. NO, NZ, PL, PT, RO. RU, SD. SE. SG. SI. 
SK. SL, TJ. TM. TR, TT, UA, UG, US, UZ. VN, YU, ZW, 
ARIPO patent (GH, GM. KE. LS. MW, SD. SL. SZ, UG. 
ZW), Eurasian patent (AM, AZ. BY. KG. KZ. MD. RU. TJ, 
TM), European patent (AT, BE, CH, CY, DE. DK, ES, FI. 
FR. GB. GR, IE, IT, LU. MC. NL. PT. SE), OAPI patent 
(BF. BJ, CF. CG, CI. CM. GA, GN. GW. ML, MR, NE. 
SN. TD, TG). 



Published 

With international search report. 

Before the expiration of , the time limit for amending the 
claims and to be republished in the event of the receipt of 
amendments. 



(54)Tiae: A PREDISTORTER 



(57) Abstract 



A predistorter arrangement for 
linearising an amplifier. The predis- 
torter arrangement is designed to com- 
pensate for IMD distortion in an am- 
plifier using multiple order polyno- 
mial approximation techniques. The 
predistorter arrangement also includes 
feedback circuitiy for coatroUing the 
operation of the predistorter. 




ilk. 

I 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCX on the front pages of pamphlets publishing international applications under the PCX. 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 


Annenla 


FI 


Finland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


FR 


France 


LU 


Luxembourg 


SN 


Senegal 


AU 


Australia 


GA 


Gaboo 


LV 


Latvia 


SZ 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Herzegovina 


GE 


Georgia 


MD 


Republic of Moldova 


TG 


Togo 


BB 


Barbados 


GH 


Ghana 


MG 


Madagascar 


TJ 


Tajikistan 


BE 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


BF 


Burkina Paso 


GR 


Greece 




Republic of Macedonia 


TR 


Turkey 


BC 


Bulgaria 


HU 


Hungary 


ML 


Mali 


TT 


Trinidad and Tobago 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukraine 


BR 


Brazil 


IL 


Israel 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


US 


United States of America 


CA 


Canada 


IT 


Italy 


MX 


Mexico 


uz 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


NE 


Niger 


VN 


Vict Nam 


CG 


Congo 


KE 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


CH 


Switzerland 


KG 


Kyrgyzstan 


NO 


Norway 


ZW 


Zimbabwe 


a 


Cdte d'lvoire 


KP 


Democratic People's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


Oiina 


KR 


Republic of Korea 


PT 


Portugal 






cu 


Cuba 


KZ 


Kazakstan 


RO 


Romania 






cz 


Czech Republic 


LC 


Saint Lucia 


RU 


Russian Federation 






D£ 


Germany 


U 


Liechtenstein 


SD 


Sudan 






DK 


Denmark 


LK 


Sri Lanka 


SB 


Sweden 






EE 


Estonia 


LR 


Liberia 


sc 


Singapore 







wo 99/45640 



PCT/GB99/00698 



A PREDISTORTER 

This invention relates to a predistorter arrangement for linearising an amplifier. In 
particular, the present invention relates to a polynomial predistorter arrangement designed 
to compensate for MD distortion in an amplifier using multiple order polynomial 
approximation techniques. 

In an ideal system, a linear amplifier provides uniform gain throughout its dynamic range 
in order that the output signal of the amplifier is a correct, amplified version of the input 
signal. In reality however all linear amplifiers exhibit non-ideal properties such as 
amplitude and phase distortion, which are undesirable and can seriously deteriorate the 
performance of a system. One effect of this non-linearity of the amplifier is the generation 
of output frequencies equal to the sums and differences of integer multiples of the input 
frequency components. This effect is known as intermodulation distortion (IMD) and is 
particularly undesirable in high-power radio frequency (RF) amplifiers designed for use in 
broadband systems. For example, a broadband amplifier used in the TDMA cellular system 
will generate various intermodulation products as a result of amplifying a multitude of 
TDMA channels occurring at fixed frequency intervals across a TDMA band, with 
coincident active frames. 

A number of linearisation techniques have been developed to overcome the above 
distortion problems associated with a linear amplifier. A few of these techniques operate in 
real-time to account for time dependent changes in the non-linear characteristics of the 
amplifier. Such changes may result from, for example, temperature variations in the 
amplifier, ageing of amplifier components, power supply fluctuations, or, most particularly, 
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changes in the operating point of the amplifier due to a change in the number or power of 
the input carriers. Of the broadband, RF-based linearisation techniques, the two most 
commonly used are feed forward linearisation and predistorter linearisation. 

A feed forward linearisation mechanism relies on creating an error signal representative of 
the IMD products introduced by the linear amplifier, and feeding this signal forward to 
combine with the output spectrum of the amplifier, cancelling out the unwanted distortion. 
In order for the cancellation process to operate correctly, it is necessary for the mechanism 
to accurately adjust the amplitude and phase of the error signal prior to combining it with 
the output of the amplifier. This typically involves the use of additional amplifiers and 
lossy delay lines and couplers appearing in the output path from the main amplifier. These 
losses and the requirement for additional amplifiers, which are not adding to the output 
power of the system, result in a low-efficiency solution. 

In general, predistortion linearisation mechanisms involve deliberate alteration of the 
relatively low level input signal to the amplifier in anticipation of the undesired distortion 
process occurring within the amplifier. Specifically, the mechanism predistorts the input 
signal in an inverse sense to the distortion produced by the amplifier such that in series the 
overall distortion is minimised. Accordingly, the transfer characteristic of the predistorter is 
approximated as closely as possible to the inverse or complementary function of the 
transfer characteristic of the amplifier. If the linear amplifier is compressive, i.e. the gain 
tails off at higher power levels, then the predistorter will compensate for this compression 
by correspondingly expanding the input signal. 
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Several approaches exist for predistorting the input signal, each differing in the way the 
predistorter approximates the inverse or complementary function. One approach 
approximates the inverse function with the exponential characteristics of a diode. One or 
more diodes may be used together with appropriate biasing to achieve a reduction of the 
distortion in the order of 10 dB. A second approach is to perform a piece-wise 
approximation of the inverse function using a series of linear gain, straight line elements 
interconnected end-to-end. A drawback with this approach is that the alignment and control 
of the line elements requires complex circuitry owing to the interconnection points having 
two degrees of freedom. 

Polynomial predistortion is another approach to approximating the inverse function of the 
amplifier transfer characteristic. It is based on a polynomial expansion of the inverse 
function which may be expressed as follows: 

y = a + bx + cx^+ dx^ + ex* + fx^ + gx* + hx"^.... 

The term a is an offset which may be set to zero in a practical polynomial predistorter. The 
term bx represents the gain of the predistorter which is linear and merely contributes to the 
gain of the main amplifier. The terms containing even powers of x represent harmonic 
distortion components generated in the main amplifier which may be removed using 
frequency filtering, and therefore these terms may also be set to zero. The remaining terms 
containing odd powers of x represent in-band distortion caused by the main amplifier (in 
addition to harmonics which can be filtered as above). In fact, each of these odd-power 
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terms may be considered to represent the equivalent order of intermodulation distortion 
generated in the main amplifier. 

According to a first aspect of the present invention there is provided a predistorter 
arrangement for linearising an amplifier, the predistorter arrangement comprising an input 
signal path for receiving an input signal which is required to be amplified, and a distortion 
path in which an input signal from the input signal path is processed to generate a 
distortion signal, which is combined with the input signal in the input signal path to 
produce a predistorted input signal which is supplied to the amplifier input, wherein the 
arrangement further comprises an error correction means in which the amplifier output 
signal is compared with the distortion signal from the distortion path to produce an error 
correction signal for controlling the generation of said distortion signal in the distortion 
path. 

Ideally, the error correction means subtracts from the amplifier output signal the input 
signal from the input signal path prior to comparing the amplifier output signal with the 
distortion signal. 

In a preferred embodiment, the error correction means supplies the input signal subtracted 
amplifier output signal to a feed forward arrangement. 

The distortion path preferably includes means for adjusting the distortion signal in 
dependence on the error correction signal, and the adjustment means may enable 
adjustment of the distortion signal in phase and amplitude. 
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In one embodiment, the adjustment means comprises a variable phase shifter and a variable 
attenuator. 

In another embodiment, the adjustment means comprises an in-phase adjustment means 
and a quadrature phase adjustment means. 

Preferably, the correction means correlates the amplifier output signal with the distortion 
signal to produce the error correction signal. 

According to a second aspect of the present invention there is provided the combination of 
a predistorter arrangement and a feed forward arrangement for linearising an amplifier, in 
which the input signal subtracted amplifier output signal provides the error signal for the 
feed forward arrangement. 

According to a third aspect of the present invention there is provided a method for 
linearising an amplifier, including a distortion step in which an input signal which is 
required to be amplified is processed to generate a distortion signal, a combining step in 
which distortion signal is combined with the input signal to produce a predistorted input 
signal which is supplied to the amplifier input, and an error correction step in which the 
amplifier output signal is compared with the distortion signal to produce an error correction 
signal which controls the generation of said distortion signal in the distortion step. 
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According to a fourth aspect of the present invention there is provided a predistorter 
arrangement for linearising an amplifier, the predistorter arrangement comprising an input 
signal path for receiving an input signal which is required to be amplified, and a distortion 
path in which an input signal from the input signal path is processed to generate a 
distortion signal, which is combined with the input signal in the input signal path to 
produce a predistorted input signal which is supplied to the amplifier input, wherein the 
distortion path processes the input signal to generate at least two different third order or 
higher order components of the input signal, and includes means for independently 
adjusting the phase and amplitude of the at least two components. 

According to a fifth aspect of the present invention there is provided an device for 
predistorting an input signal to an amplifier to compensate for distortion errors generated 
by the amplifier, the device comprising means for receiving an input signal, a main signal 
path for supplying the input signal to an input of an amplifier, a distortion signal path 
having means for generating a distortion signal from the input signal, adjustment means for 
adjusting the amplitude and phase of the distortion signal, and means for adding the 
distortion signal to the input signal on the main signal path, wherein the device further 
comprises error signal generating means for coupling to an output of an amplifier and to 
the main signal path for generating an error signal to control the adjustment means. 

Further features and advantages of the invention will be apparent from the description 
below. 
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Embodiments of the invention will now be described, by way of example, with reference to 
the accompanying drawings, in which: 

Figure 1 is a block diagram of a multiple-order scalar polynomial predistorter; 

Figures 2 to 6 are block diagrams of different forms of multiple-order vector polynomial 
predistorters; 

Figure 7 is a graph showing an I channel transfer characteristic of an amplifier and a third 
order closest fit approximation; 

Figure 8 is a graph showing an I channel transfer characteristic of an amplifier and a fifth 
order closest fit approximation; 

Figure 9 is a graph showing a Q channel transfer characteristic of an amplifier and a third 
order closest fit approximation; 

Figure 10 is a graph showing an Q channel transfer characteristic of an amplifier and a fifth 
order closest fit approximation; 

Figure 1 1 is a block diagram of circuit for generating a third order distortion component 
suitable for use in the polynomial predistorters of Figures 1 to 6; 

Figure 12 is a block diagram of a feedback control circuit for use in the circuit of Figure 

11; 
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Figure 13 is a block diagram of an enhanced feedback control circuit using digital signal 
processing techniques for use in the circuit of Figure 11; 

Figures 14 is a block diagram of circuit for generating third and fifth order distortion 
components suitable for use in the polynomial predistorters of Figures 1 to 6; 

Figure 15 is a block diagram of alternative circuit for generating third and fifth order 
distortion components suitable for use in the polynomial predistorters of Figures 1 to 6; 

Figvu"e 16 is a block diagram of a circuit for generating a fifth order distortion component, 
based on the circuit of Figure 14 and including a feedback control circuit; 

Figure 17 is a block diagram of a circuit for generating third and fifth order distortion 
components, based on the circuits of Figure 11 and Figure 16 and including a feedback 
control circuit ; 

Figure 18 is a block diagram of a feedback control circuit for use in the circuit of Figure 17, 
based on the circuit of Figure 13; 

Figure 19 is a block diagram of circuit for generating third, fifth and seventh order 
distortion components; 

Figures 20a, 20b, 20c, 20d, 20e, 20f are frequency spectra for signals occurring at various 
points in the circuits of Figures 1 to 6 and 1 1 to 19 in operation; 
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Figure 21 is a block diagram of the scalar predistorter of Figure 1, modified to include a 
predistorter control circuit; 

Figure 22 illustrates two frequency spectra which correspond to an error signal at point (1) 
and a reference third order distortion signal at point (2) in Figure 21 ; 

Figure 23 is a block diagram showing the controlled predistorter of Figure 21, modified to 
take advantage of a digital signal processor (DSP); 

Figure 24 is a block diagram showing a predistorter control circuit used to control a third 
order vector predistorter; 

Figure 25 is a block diagram showing a predistorter control circuit applied to the multi 
order vector predistorter of Figure 6; and 

Figure 26 is a block diagram of a combined predistorter and feedforward amplifier 
arrangement. 

Scalar Predistorter 

Referring to Figure 1 , there is shown a multiple order polynomial predistorter 200 having 
an input for receiving an RF input signal and an output for supplying a predistorted signal 
to an RF power amplifier 100. The RF input signal received at the input of the predistorter 
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is split by the splitter 205 between two channels or paths, the main path 210 supplying the 
main RF signal for subsequent amplification, and the distortion path 215 supplying 
multiple orders of distortion for adding to the main RF signal. 

The main RF input signal from the main path 210 and the distortion signal from the 
distortion path 215 are sunmied in the adder 220 prior to being amplified in the RF power 
amplifier 100. The main path includes a time delay component 225 to ensure that the main 
RF signal and the distortion signal coincide at the adder 220. In an ideal operation of the 
predistorter, the output signal from the RF power amplifier 100 will represent a linearly 
amplified version of the RF input signal as discussed previously. An example of a possible 
RF input signal in the form of two closely spaced frequency tones is shown in Figure 20a. 

The RF signal entering the distortion path 215 is fed into a distortion generation circuit 230 
which operates on the RF input signal to generate a set of non-linear distortion components 
each corresponding to a particular order of distortion. In Figure 1, the orders of distortion 
generated at the three output paths of the distortion generation circuit 230 are third order, 
fifth order, and seventh order, illustrated as frequency spectra in Figures 20b, 20c and 20d 
respectively. It is also possible for the distortion generation circuit to generate higher order 
distortion components such as ninth order, or to generate only third order, or third and fifth 
order distortion components. 

The signals output from the distortion generating circuit 230 are independently adjusted in 
phase by the set of variable phase-shift components 235 to compensate for any differing 
phase shifts occurring in the distortion generating circuit 230. The distortion signals are 
then independently adjusted in amplitude by the set of variable attenuators 240. The 
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amplitude adjustment ensures that the relative levels of the separate distortion components 
are set to correctly correspond to the relative levels of the orders of distortion generated 
intrinsically in the RF power amplifier 100. 

The correctly adjusted signals representing the third, fifth and seventh orders of distortion 
are then summed in the adder 245 to produce a single multiple order distortion signal. This 
signal is fed into an RF amplifier 250 which controls the level of the multiple order 
distortion signal relative to the main RF signal on the main path 210, 

As discussed previously, a predistorter operates by predistorting an input signal in an 
inverse sense to the distortion produced by the amplifier. In the predistorter of Figure 1 , 
higher order distortion components are added in-phase to the input signal to cancel 
corresponding distortion generated within the amplifier. This assumes that the distortion 
signals generated in the amplifier are also in-phase with the signal being amplified, ie the 
distortion results from a predominantly amplitude modulation to amplitude modulation 
(AM-AM) transfer characteristic in the amplifier. Accordingly, the predistorter of Figure 1 
may be referred to as a scalar predistorter. 

There is however another distortion generating effect associated with power amplifiers 
which results from an amplitude modulation to phase modulation (AM-PM) transfer 
characteristic in the amplifier. This form of distortion is characterised by phase variations 
in the amplified signal which are dependent on the amplitude variations of the input signal. 
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A scalar predistorter will only be able to linearise an amplifier using AM-AM 
compensation to a point where the AM-PM distortion becomes dominant over the AM-AM 
distortion. For amplifiers with a small amount of AM-PM conversion, such as high-quality 
class-A amplifiers, this is generally not a problem. However, problems can occur in 
situations where the magnitude of AM-PM distortion in a amplifier is comparable with the 
magnitude of AM-AM distortion, or where it is required to have a high degree of 
linearisation in the predistorter/amplifier combination, in which situations a scalar 
predistorter will operate less effectively. In a class-C amplifier, for example, the AM-PM 
distortion is usually of a similar magnitude to the AM-AM distortion, and consequently a 
scalar predistorter will show litde or no improvement in the amplifier linearity. Similarly, 
in the situation where a scalar predistorter uses a fifth order polynomial approximation or 
higher, the improvement in the AM-AM compensation may not be mirrored by a 
corresponding improvement in the amplifier linearity due to an overpowering AM-PM 
distortion. 

The combination of the AM-AM and AM-PM transfer characteristics of an amplifier may 
be mapped onto an in^phase I transfer characteristic of the amplifier and a quadrature phase 
Q transfer characteristics of the amplifier. A predistorter which generates inverse distortion 
components individually in each of the I and Q channels can therefore compensate for 
amplifier generated I and Q channel distortion brought about by the non-linear I and Q 
transfer characteristics of the amplifier. Such a predistorter may be referred to as a vector 
predistorter, owing to the use of mutually orthogonal I and Q predistorter components 
which can define a distortion signal vector in signal space. 
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Vector Predistorter 

Figures 2 to 6 are block diagrams showing, in accordance with the invention, different 
forms of vector predistorter which compensate for third, fifth, and seventh order 
predistortion in both the in-phase I channel and the quadrature phase Q channel. These 
vector predistorters are modified versions of the scalar predistorter of Figure 1 and like 
features are labelled with like references. 

Figure 2 shows a vector predistorter in which the RF signal entering the distortion path 215 
is split by the phase quadrature component 255 into an in-phase path 215i and a quadrature 
phase path 215q. Each quadrature path is independently adjusted, as discussed with 
reference to Figure 1, to provide at the output of the adder 260i an in-phase multiple order 
distortion signal and at the output of the adder 260q a quadrature phase multiple order 
distortion signal. 

Figure 3 shows a vector predistorter which is equivalent to the circuit of Figure 2 except 
that the in-phase and quadrature phase path separations are nested within the polynomial 
order path separations. This solution requires an addition of two extra phase quadrature 
components. 

The multitude of variable phase-shift components in the circuits of Figures 2 and 3 are 
inessential to the proper operation of a vector predistorter, as any separate vector 
information regarding the individual orders of distortion should be provided by the vector 
modulator structure itself. The circuit of Figure 3 can therefore be simplified, such that 
there is only one variable phase-shift component per order of distortion generated, by 
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positioning the phase quadrature components immediately prior to the variable attenuators, 
as illustrated in the block diagram of Figure 4. 

If the set of outputs from the distortion generation circuit, corresponding to the different 
orders of distortion, are provided in-phase, ie all having equal delay, then a single phase 
control may be used in the distortion path, see Figure 5. This single phase control is 
required simply to ensure that the distortion signal supplied by the RF amp 250 is correctly 
in phase witti the RF input at the adder 105. The circuit of Figure 5 also includes adders 
265, 270, 275 which are able to invert one or both of their inputs to enable the distortion 
signal vector to fall in any one of four signal space quadrants. Alternatively, a more general 
solution shown in Figure 6 replaces the variable attenuators with mixers or multipliers fed 
with DC control signals to provide a true 360 degree vector modulator in each of the 
non-linearity orders. 

Polvnomial Approximations 

Figure 7 shows a graph of an I channel transfer characteristics for a typical amplifier. 
Superimposed on the graph in Figure 7 is a closest fit line for the transfer characteristic 
using a polynomial approximation having component terms up to third order. The 
coefficients of the component terms of the polynomial approximation are applied inversely 
in the I channel distortion generation circuit of a third order vector predistorter in 
accordance with the invention. Figure 8 shows the same graph for the I channel transfer 
characteristic together with a closest fit line using a fifth order polynomial approximation. 
Likewise, the coefficients of the component terms of the polynomial approximation are 
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applied inversely in the I channel distortion generation circuit of a fifth order vector 
predistorter in accordance with the invention. Clearly, the fifth order approximation 
provides a more accurate match to the actual properties of the amplifier than the third order 
approximation. The equivalent graphs for the Q channel are shown in Figures 9 and 10. It 
should be noted that the cubic fit of the I channel in Figure 7 is quite good, whereas the 
cubic fit of the Q channel in Figure 9 is much poorer. The fifth order fits in both cases are 
better, with the most marked improvement being in the Q channel. 

Since many amplifiers have a predominantly fifth order characteristic in one or other of 
their quadrature characteristics, a vector polynomial predistorter would almost certainly 
need to be multi-order in order to provide any useful benefit over its single order scalar 
counterpart. 

Distortion Generating Circuits 

Different versions of a distortion generation circuit suitable for use in the scalar and vector 
predistorters of Figures 1 to 6 will now be described, with reference to the block diagrams 
shown in Figures 1 1 to 19, and the frequency spectra in Figure 20. 

Figure 11 shows a block diagram of a circuit for generating a third order distortion 
component. The RF input signal entering the circuit is split three ways by the splitter 405. 
One of the RF signals is then fed into the first input of a mixer or multiplier 410 via a 
directional coupler 415, The directional coupler samples a portion of the RF signal which is 
fed into the second input of the mixer 410 via an attenuator 420. By mixing the two 
versions of the same RF input signal, the output of the mixer 410 ideally generates a 
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squared RF signal which contains frequency components in a DC zone. i.e. at low 
frequencies, and frequency components in a first harmonic zone, i.e. at double the original 
frequencies. The frequency spectra of the squared RF signal is represented in Figure 20e. 

The squared RF signal output from the mixer 410 is then fed into the first input of a mixer 
425 via an attenuator 430 and a DC injection summer 435. Another RF input signal from 
the splitter forms the second input to the mixer 425 and may be supplied via a path 440 
including a time delay element (not shown) to ensure that the two mixer input signals are in 
phase. By mixing the squared RF signal with the original RF input signal, the output of the 
mixer 425 ideally produces a pure cubic signal. The frequency spectra of the cubed RF 
signal is represented in Figure 20f (after filtering to eliminate the DC-zone, harmonic and 
third harmonic components) 

The cubed RF signal should, ideally, consist of only input RF signal energy, plus in-band 
third-order components. In practice however other higher orders of in-band distortion will 
also be present in the output of the mixer 425, together with more input signal energy than 
would be expected from a theoretical analysis. The attenuation values for the attenuators 
420 and 430, and the coupling factor for the coupler 425 are chosen to optimise 
performance with the type of mixers 410 and 425. Optimum performance is a compromise 
between minimising the unwanted input signal energy, caused by leakage through the 
mixers, and minimising the higher orders of in-band distortion, caused by none-ideal 
performance of the mixers 410 and 425. In a circuit having a 0 dBm RF input signal level 
and implementing standard Gilbert-cell based silicon IC mixers, the difference between the 
"LO". "RF" or "IF" drive levels will typically be in the order of 20 dB in each case. 
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In a modified version (not shown) of the third order distortion generator circuit of Figure 
11, the squared RF signal output from the mixer 410 is filtered before entering the mixer 
425. This enables selection of either the DC zone frequency components of the squared RF 
signal by means of a low pass filter, or the second harmonic zone frequency components of 
the squared RF signal by means of a high pass filter. Each selection scheme has its own 
particular benefits, however, both schemes advantageously provide attenuation of the input 
tone energy at the output, when used in conjunction with the DC-based input tone rejection 
mechanism described below. 

In the low pass filter version, the selection of the DC zone in practice provides a better 
behaved response in terms of gain and phase flatness than the second harmonic zone and as 
a result can provide better coherence between the two third order distortion components 
shown in Figure 20b. Although the gain and phase flatness of the second harmonic zone 
version is effected by the high frequency response of the circuit elements, this version has 
the benefit of producing an output spectrum in which the input tone level is at a similar 
level to the third order distortion components, without additional correction. 

In order to enable improved control of the third order component generation, it is 
preferable to remove as much of the input tone energy present in the output as possible. 
Referring to the circuit of Figure 11, this is achieved by injecting a DC signal via an adder 
435 to the squared RF signal at an appropriate level such that when mixed with the RF 
input signal the input energy at the output of the circuit is cancelled. The position of the 
DC signal injection shown in Figure 1 1 is preferable as the level of RF input to the mixer 
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410 is relatively high and is known to a high degree of certainty. The same cancellation of 
the input energy can however be achieved, albeit less efficiently and less predictably, by 
injecting a DC signal at other positions in the distortion generation circuit. For example, an 
alternative position for DC injection could be into the path 440 carrying the RF input signal 
to the mixer 425. The DC signal would then cancel any leakage of a spurious RF input 
signal present in the squared RF signal resulting from leakage through the mixer 410. DC 
signal injection may also be possible in the signal paths leading to the mixer 410. 

Although the DC signal level may be set to maximise cancellation of the input signal 
energy in the output of the distortion generating circuit, fluctuations and drifting of the 
v£irious signals within the circuit will occur as a result of, for example, temperature 
variations of circuit components, ageing of circuit components, unpredictable variations in 
supply voltages, and variations in the level of the input signal(s). The distortion generation 
circuit therefore includes an automatic control mechanism 445 for initialising, maintaining, 
and controlling the DC signal at the correct level for maximum cancellation of the input 
signal energy. The automatic control mechanism operates using a feedback loop principle. 
The output of the distortion generation circuit is sampled by a splitter 450 and is fed into an 
input of the control mechanism. A second input of the control mechanism receives an RF 
input signal from the splitter 405, preferably via a time delay element (not shown), and 
functions as a reference signal for the RF input. The automatic control mechanism 
compares the sample from the output with the RF input reference signal, and provides as an 
output a DC signal level dependent on the level of RF input energy detected in the output 
sample. 
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Figure 12 shows one implementation of the automatic control mechanism in which a 
detection mixer 455 receives at one input the sample of the output signal and at another 
input the reference input signal. The detection mixer outputs a signal containing 
components across a range of frequencies. However, the output of the detection mixer of 
interest is the DC signal component, which provides a measure of the overlap of the 
unwanted input signal energy in the output with the reference input signal. This DC output 
is isolated from the other signal components in the detection mixer output by integration of 
the output in the integrator 460. The integrator has a time constant long enough to remove 
the unwanted non-DC signal components but short enough to provide millisecond response 
in the feedback. The DC output of the integrator provides the DC signal for injection into 
the adder 435. 

A drawback with this control mechanism is that the detection mixer and the integrator may 
generate DC offset signals which become dominant over the feed back control DC signals. 
This typically occurs when the level of rejection of the input energy is in the order of 10 - 
15 dB. It is possible to use niore accurate mixers and integrators to achieve lower DC 
offsets to counteract this effect. However, mixers and integrators of this kind tend to be 
rarer and more expensive. 

Figure 13 shows a modified automatic control mechanism which incorporates offset 
frequency and digital signal processing (DSP) techniques to eliminate the DC offset 
problem referred to above. Although the circuit is more complex than the circuit of Figure 
12, integration of the non-DSP components on an application specific integrated circuit 
(ASIC) chip means that the higher component count should not add significantly to the cost 
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of this solution. The automatic control mechanism includes the "same two inputs and one 
output as the circuit of Figure 12, and operates as follows. A low frequency (LP) fixed 
oscillator 465 operating in the digital domain of a digital signal processor (DSP) 470 
provides via a digital-to-analogue converter 475 a low frequency tone signal to an input of 
a mixer 480. The LF tone signal is ideally at an audio frequency fLP of between 1 to 5 kHz. 
The second input to the mixer 480 is the output sample supplied by the splitter 450 shown 
in Figure 1 1, and contains signal components at a relatively higher frequency than the LF 
tone signal, e.g. between 500 and 2000 MHz. The effect of mixing the output sample with 
the LF tone signal is to generate an image of the output sample shifted down in frequency 
by fLF and an image of the output sample shifted up in frequency by fLF. The output of the 
mixer 480 is processed by a high pass filter 485 which has a cut-off frequency chosen such 
that the filter 485 removes any LF tone signal leaking through the mixer 480. The 
frequency offset output sample is then fed into an input of a detection mixer 490, whilst a 
second input receives the reference RF input signal. As in the mechanism of Figure 12, the 
detection mixer 490 provides at its output a signal containing components across a range of 
frequencies. However, in this mechanism it is the signal component at the tone frequency 
fLF which provides a measure of the overlap of the unwanted input signal energy in the 
output with the reference input signal. 

After converting the output of the detection mixer 490 back into the digital domain of the 
digital signal processing (DSP) using the analogue-to-digital converter 495, the signal is 
fed into a digital mixer 500. It should be noted that the digital signal processor and the 
analogue-to digital converter are ideally suited to dealing with signals at audio frequency 
and can therefore accurately process the required signal component at the tone frequency 
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fLR The digital mixer 500 mixes the output of the detection mixer 490 with the LF tone 
signal from the LF fixed oscillator 465 to convert the required signal component also at the 
tone frequency to a DC signal. As in the mechanism of Figure 12. this DC signal is isolated 
from the other signal components produced in the detection mixer by integration of the 
digital mixer output in a digital integrator 505. However, unlike the mechanism of Figure 
12, this offset-frequency mechanism is immune to any build up of spurious DC signals in 
the analogue domain, i.e. in the mixers 480, 490, the D/A 475, the A/D 495 and the 
high-pass filter 485. The potentially damaging DC signals enter the digital signal processor 
via the analogue to digital converter (A/D) 495, but are immediately converted to the tone 
signal frequency fLF by the digital mixer 500 and are subsequently cancelled in the 
integrator 505. Because the digital mixer 500 and the integrator 505 both operate in the 
digital domain of the digital signal processor (DSP) they do not experience the problems of 
their analogue counterparts such as signal leakage or spurious DC offset generation due to 
temperature or power supply fluctuations. The DC signal output from the integrator 
provides via the digital-to-analogue converter 510 the DC signal for injection into the adder 
435 of Figure 11. 

Figures 14 and 15 are block diagrams of two alternative embodiments of a circuit for 
generating third and fifth order distortion components, and are based on the design and 
basic principles of operation of the third order generation circuit of Figure 11. Like 
components have therefore been labelled with like references. 

In the generation circuit of Figure 14, the second order signal is divided into a second path 
515 by a splitter 520, and the third order signal is divided into a second path 525 by a 
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splitter 530. The second order signal level on the path 515, and the third order signal level 
on the path 525, are adjusted by an RF amplifier 535 and an attenuator 540 respectively. 
The adjusted second and third order signals are then mixed in the mixer 545 to produce a 
fifth order RF output. A second DC injection signal is added to the second order signal path 
515 for mixing with the third order signal on the path 525. By adjusting the second DC 
signal to a suitable level, the third order signals, which would otherwise be present in the 
fifth order RF output, may be cancelled. 

In the generation circuit of Figure 15, the RF input signal is further divided by a splitter 
550 into paths 555 and 560, and the third order signal is divided by a splitter 530 into a 
path 525. The third order signal is suitably attenuated by attenuators 565 and 570 which in 
turn feed the mixers 575 and 580. The mixers 575 and 580 mix the third order signal with 
the RF input signals on the paths 555 and 560 respectively. The output of the fu-st mixer 
575 generates a fourth order signal, and the output of the second mixer 580 generates the 
fifth order distortion signal for outputting. 

Simulations performed on the generation circuit of Figure 14 have shown that for fifth 
order distortion generation the first DC injection (DCl) to the adder 435 may not be 
required. The third DC injection can provide significant cancellation of both the main 
signal energy and the third order energy leaving only the desired fifth order distortion. 
Removal of the first and second DC injections allow for simpler control of the fifth order 
distortion generation, however, a drawback in this solution is that the third order output no 
longer contains a pure third order distortion signal. 
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Figure 16 shows the circuit of Figure 14 with a feedback control mechanism which controls 
and maintains the second DC injection to the adder. This feedback control mechanism 
performs in a similar way as in the third order generation circuit, except that a sample of 
the fifth order output is compared with a reference signal sampled from the third order 
output. The feedback DC signal therefore provides a measure of the overlap of both the 
unwanted input signal energy and third order signal energy in the fifth order output. The 
feedback control mechanism may be implemented using the feedback circuits of Figures 12 
or 13. 

Figure 17 is a block diagram showing a third order and a fifth order distortion generation 
circuit with a combined control. The circuit is a combination of the third order generation 
circuit of Figure 11 and the fifth order generation circuit of Figure 16. The combined 
feedback control mechanism for this circuit is shown in Figure 18 and is based on the 
offset frequency mechanism of Figure 13. 

Figure 19 is a block diagram showing a circuit for generating a seventh order distortion 
signal based on the principle used in the fifth order generation circuit of Figure 14. The 
fifth order signal is combined with the second order signal to generate a seventh order 
distortion output. Similar DC injection and control mechanisms to those described above 
may also be used with this system to enable the generation of only seventh order IMD 
products (ie. without the original input signals, or third or fifth order products). 



Predistorter Control Mechanism 
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Referring to Figure 21, there is shown the scalar predistorter" of Figure 1 modified to 
include a predistorter control circuit. For simplicity, only the third order distortion path of 
the scalar predistorter is shown together with a relevant third order predistorter control 
circuit. It is apparent however that the predistorter control circuit may be extended to 
provide discrete control of all the distortion paths of the scalar predistorter, ie third, fifth, 
and seventh order, as will be shown. 

The predistorter control mechanism involves two stages (labelled A and B in Figure 21). 
Stage A comprises sampling the main RF power amplifier output and removing in a 
controlled sense a substantial amount of the main signal energy to form a signal which 
contains a relatively high proportion of amplifier generated distortion components (ie an 
error signal). Stage B comprises correlating this error signal with the output of a distortion 
generator of a particular order so as to create a control signal representative of the amount 
of residual intermodulation distortion of that particular order remaining in the output 
spectrum. The correlation of stage B can take place in separate I and Q channels to provide 
independent control for the phase and amplitude of the subtraction process. 

Stage A of the predistorter control circuit shown in Figure 21 operates as follows. A 
sample of the RF power amplifier (PA) output is obtained by the directional coupler 610 
and is fed via a time delay component 615 to the non-inverting input of the subtracter 620. 
A signal corresponding to the RF input is applied to the inverting input of the subtracter 
620 at an appropriate amplitude and phase to remove or cancel the main signal energy in 
the PA output sample. This cancelling signal is derived from the main signal path of the 
predistorter by a directional coupler 625, and is supplied to the subtracter 620 via a variable 
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phase-shift component 630 and a variable attenuator 635 which provide the appropriate 
amplitude and phase adjustments. The time delay component 615 ensures that the two 
input signals to the subtractor 620 coincide. 

The process of removing or cancelling the main signal in the PA output sample is 
dependent on an accurate control of the variable phase shift component 630 and variable 
attenuator 635 respectively. Therefore stage A includes a feedback control loop which 
comprises two splitters 640 and 645 coupled to the output of the subtractor 620 and 
arranged in series to supply the error signal to two quadrature mixers 650 and 655. A 
splitter 660 supplies the cancelling signal (before phase and amplitude adjustment) to a 
phase quadrature component 665 which in turn operates to supply an in-phase version of 
the cancelling signal to a second input of the mixer 650 and a quadrature phase version of 
the cancelling signal to a second input of the mixer 655. The output of the mixer 650 
contains, in addition to unwanted frequency components, a DC signal which represents the 
projection of the main signal energy (contained in the error signal) on the in-phase version 
of the cancelling signal. In contrast, the output of the mixer 655 contains, in addition to 
unwanted frequency components, a DC signal which represents the projection of the main 
signal energy (contained in the error signal) on the quadrature phase version of the 
cancelling signal. The unwanted frequency components output from the mixers 650 and 
655 are cancelled in the integrators 670 and 675 respectively to generate two smoothed DC 
control signal for respectively controlling the variable attenuator 635 and the variable 
phase-shift component 630. 
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The DC signals from the mixers 650 and 655 will vary as the feedback loop adjusts the 
phase and amplitude of the cancellation signal to minimise the main signal energy in the 
error signal. The feedback loop will eventually reach a steady state whereby any deviation 
of the main signal energy from the minimum will result in a corresponding adjustment to 
counteract the change. 

Stage B of the predistorter control circuit operates using a similar principle and circuitry as 
the feedback circuit of stage A. However, instead of correlating the residual main signal 
energy in the error signal with a reference RF input signal derived from the main signal 
path of the predistorter, stage B correlates a particular order of the intermodulation 
distortion (IMD) present in the error signal with a reference distortion signal of the same 
order. Therefore, in the third order example shown in Figure 21, the DC signals output 
from the stage B mixers 680 and 685 will contain, in addition to unwanted frequency 
components, a DC signal which represents the projection of the residual third order 
distortion (contained in the error signal) on either the in-phase or the quadrature version of 
the third order reference distortion signal. The reference distortion signal is advantageously 
derived from the appropriate distortion generator in the distortion path of the predistorter. 

Figure 22 illustrates two frequency spectra which correspond to the error signal at point (1) 
in Figure 21, and the reference third order distortion signal at point (2) in Figure 21. It can 
be seen that both signals are contaminated with main signal energy which will correlate in 
the mixer 680 and 685 of stage B to generate an additional undesirable DC signal at the 
mixer outputs. Clearly this undesirable DC signal must be at a sufficiently low level in 
order not to interfere with the desired third order dependent DC signal used to adjust the 
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variable phase shift component 690 and the variable attenuator 695. Therefore, the main 
signal removal processes which occur in the third order predistorter generator and in stage 
A of the predistorter control circuit should ideally operate such that the third order energy 
dominates in the correlation of stage B. Suitably, the values Dl and D2 in Figure 22 should 
satisfy the following equation: 

Dl-D2<-10dB 

Figure 23 shows the controlled predistorter of Figure 21 modified to take advantage of a 
digital signal processor (DSP). The benefit of this arrangement is that the offset-frequency 
technique, described previously with reference to the distortion generation circuits, can be 
implement in the DSP to elin^nate the problems of DC-offsets and temperature drift 
associated with analogue mixers and integrators. It should be noted however that because 
the predistorter control circuit is phase dependent, the mixer 700 must be an image reject 
mixer in order to retain the phase information in the control signals. 

In Figure 24, the predistorter control circuit is used to control a third order vector 
predistorter. In this embodiment, the in-phase (I) DC control signal and the quadrature (Q) 
DC control signal in stage B are used to directly control the corresponding I and Q channel 
mixers or multipliers in the appropriate distortion path of the predistorter. 

Figure 25 shows a predistorter control circuit applied to the multi order vector predistorter 
of Figure 6. In this arrangement, the stage B correlation process for fifth and seventh order 
control must also dominate over the contaminating lower order and main signal correlation 
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processes, based on similar criteria as in the stage B correlation for third order discussed 
previously. 

The feedforward linearisation technique referred to in the introduction can be applied to the 
RF power amplifier in addition to the predistorter linearisation techniques described in the 
aforementioned embodiments. In this case, the predistorter control circuits shown in 
Figures 21, 23, 24 and 25 can provide a further surprising advantage that the error signal 
generated in stage A can be used as an error signal in the feedforward system. Figure 26 
shows a block diagram of a combined predistorter and feedforward amplifier arrangement. 
Control of the feedforward system, specifically the error cancellation loop, can be provided 
in a number of known ways independently of the predistorter control. 

It will be evident in view of the foregoing that various modifications may be made within 
the scope of the present invention. For example, the description refers to the use of certain 
components such as mixers and integrators which could be replaced by multipliers and 
low-pass filters respectively. 
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1. A predistorter arrangement (200) for linearising an amplifier (100), the predistorter 
arrangement comprising an input signal path (210) for receiving an input signal which 
is required to be amplified, and a distortion path (215) in which an input signal from 
the input signal path is processed to generate a distortion signal, which is combined 
with the input signal in the input signal path to produce a predistorted input signal 
which is supplied to the amplifier input, wherein the arrangement further comprises an 
error correction means in which the amplifier output signal is compared with the 
distortion signal from the distortion path to produce an error correction signal for 
controlling the generation of said distortion signal in the distortion path. 

2. A predistorter arrangement as claimed in claim 1, wherein the error correction means 
subtracts (620) from the amplifier output signal the input signal from the input signal 
path prior to comparing the amplifier output signal with the distortion signal. 

3. A predistorter arrangement as claimed in claim 2, wherein the error correction means 
includes control means in which the input signal subtracted amplifier output signal is 
frequency translated by a frequency tone signal, correlated with the input signal, and 
processed in a digital signal processor using the frequency tone signal to produce a 
control signal for controlling the subtraction of the input signal from the amplifier 
output signal. 



4. A predistorter arrangement as claimed in claim 2 or claim 3, wherein the error 
correction means supplies the input signal subtracted amplifier output signal to a feed 
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5. A predistorter arrangement as claimed in any one of the preceding claims, wherein the 
distortion path includes means (690, 695) for adjusting the distortion signal in 
dependence on the error correction signal. 

6. A predistorter arrangement as claimed in claim 5, wherein the adjustment means 
enables adjustment of the distortion signal in phase and amplitude. 

7. A predistorter arrangement as claimed in claim 6, wherein the adjustment means 
comprises a variable phase shifter (695) and a variable attenuator (690). 

8. A predistorter arrangement as claimed in claim 6. wherein the adjustment means 
comprises an in-phase adjustment means and a quadrature phase adjustment means. 

9. A predistorter arrangement as claimed in any one of the preceding claims, wherein the 
correction means correlates the amplifier output signal with the distortion signal to 
produce the error correction signal. 

10. A predistorter arrangement as claimed in any one of the preceding claims, wherein the 
distortion path processes the input signal to generate a first distortion component which 
is a third order or higher order component of the input signal. 
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11. A predistorter arrangement as claimed in claim 10, wherein the error correction means 
compares the amplifier output signal with the first distortion component from the 
distortion path to produce a first error correction signal for controlling the generation of 
the first distortion component in the distortion path. 

12. A predistorter arrangement as claimed in claim 10 or claim 1 1, wherein the distortion 
path processes the input signal to generate a second distortion component which is a 
different third order or higher order component of the input signal. 

13. A predistorter arrangement as claimed in claim 12, wherein the error correction means 
compares the amplifier output signal with the second distortion component from the 
distortion path to produce a second error correction signal for controlling the generation 
of the second distortion component in the distortion path. 

14. The combination of a predistorter arrangement as claimed in claim 3 and a feed forward 
arrangement (A) for linearising an amplifier, in which the input signal subtracted 
amplifier output signal provides the error signal for the feed forward arrangement. 

15. A method for linearising an amplifier, including a distortion step in which an input 
signal which is required to be amplified is processed to generate a distortion signal, a 
combining step in which distortion signal is combined with the input signal to produce 
a predistorted input signal which is supplied to the amplifier input, and an error 
correction step in which the amplifier output signal is compared with the distortion 
signal to produce an error correction signal which controls the generation of said 
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16. A predistorter arrangement (200) for linearising an amplifier (100), the predistorter 
arrangement comprising an input signal path (210) for receiving an input signal which 
is required to be amplified, and a distortion path (215) in which an input signal from 
the input signal path is processed to generate a distortion signal, which is combined 
with the input signal in the input signal path to produce a predistorted input signal 
which is supplied to the amplifier input, wherein the distortion path processes the input 
signal to generate at least two different third order or higher order components of the 
input signal, and includes means (235, 240) for independently adjusting the phase and 
amplitude of the at least two components. 
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